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Abstract

This article presents analytical and simulation studies of intense heuvy ion beam propagation, including the injection,
geceleration, transport and compression phases, and beam transport and focusing in buckground plasma in the target
chamber. Analytical theory and simulations that suppart the High Current Ex periment (HCX), the Neutralized Transport
Experiment {NTX), and the advanced injector development program, ure being used to provide » basic understanding of
the nonlinear beam dynamics and collective processes, and to develop design concepts for the next-step Integrated Beam
Ex: riment (IBX), an Integrated Research Experiment {IRE), and a heavy fon fusion driver. Three-dimensional
non.inear perturbative simulations have been applied to collective instabilities driven by beam temperature anisotropy,
and to two-streum interactions between the beam jons and any unwanted background electrons; three-dimensional
particle-in-cell simulations of the 2-MV electrostatic quadrupole (ESQ} injector have clarified the influence of pulse
rise timee; analytical studies and simulations of the drift campression process have been carried out; syntheses of a
four-dimensional particle distribution function from phase-space projections have been developed; and studies of the
generation and rapping of stray electrons in the beam self-fields have been performed. Particle-in-cell simulations,
involving preformed plusma, are being used study the influence of charge and current neutralization on the focusing
of the ion beam in NTX and in a fusion chamber,

Ke: vords: Acceleration: Compression phase; Heavy ion fusion; Injection; Transport phase

1. INTRODUCTION of beam propagation in preformed plasma, relevant to both

the Neutralized Transport Experiment (NTX) beginning at

This article summarizes recent analytical and simulation  LBNL and the fusion chamber of a power plant (Section 4);
stadies of intense ion beam propagation carried out under  and studies aimed at developing future experiments, espe-
the auspices of the Heavy lon Fusion Virtual National  cially an Integrated Beam Experiment (IBX) and an Inte-
Laboratory, with the goal of a detailed understanding of  grated Research Experiment {IRE), and the simulation tools
the ‘ntense beams which will be needed for an inertial to model them {Section 5).
iﬂs; A energy driver. This article is organized according to:

asic studies of nonlinear beam dynamics and collective
Processes (Section 2); studies in support of ongoing driver- 2. NONLINEAR BEAM DYNAMICS AND

telated experiments, in particular the High-Current Experi- COLLECTIVE PROCESSES
ment (HCX) at Lawrence Berkeley National Laboratory  Considerable theoretical progress in the understanding of
(LBNL) und the injector experiments at Lawrence Liver-  nonlinear beam dynamics has been made in several arens
fore National Laboratory (LLNL; Section 3); simulations  since the 13th International Symposium on Heavy lon Iner-
tial Fusion. Examples include: detailed analytical and non-
T s _ . ! linear perturbative simulation studies of collective processes,
* ‘28 cotrespondence and reprint requests to: R.C. Davidson, Plusmx

Phsics Laboratory, Princeton University, Princeton, NJ 08543, E-mail:  including the electron—ion two-stream instability (Davidson
TdﬂViLlSun@pppLgOV et al., 1999; Davidson & (Qin, 2001, 2002; Qin et «f., 2000,
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2001; Uhm et al., 2001), and the Harris-like temperature-
anisotropy instability driven by Ti, > T, (Harris, 1959;
Friedman et al., 1990, 1992; Starisev ef al., 2002); develop-
ment of a sel-consistent theoretical model of charge and
current neutralization for intense beam propagation through
background plasma in the target chamber (Chen, 1987; Hahn
& Lee, 1996; Rose et al., 1999; Ottinger et al., 2000; Kaga-
novich er al., 2001): development of s robust theoretical
madel of beam compression dynamics and nonlinear beam
dynamics in the final focus system using a warm-fluid de-
seription (Qin & Davidson, 2002); development of an im-
proved kinetic description of nonlinear beam dynamics using
the Viasov-Maxwell equations { Davidson, 1998: Davidson
& Qin, 2001, 2002; Davidson et al., 2002; Tzenov & David-
son, 2002), including identification of the clags of (stable)
beam distributions, and the development of Hamiltonian
averaging techniques that clarify the smooth-focusing ap-
proximation; the determination of a nonlinear bound an
emittance growth due to the collective relaxation of space-
charge nonuniformities (S.M. Lund, 1.1, Barnard, E.P. Lee,
& R.C. Davidson, submitted): a precise solution of the cou-
pled envelape equations with spuce churge (E.P. Lee, sub-
mitted); and the role of transverse mismatch effects in final
pulse compression (de Hoon, 2001: M.IL. de Hoon, E.P,
Lee, L Bamard, & A. Friedmun, submitted), to mention
few examples. We summarize below several key theoretical
results obtained in these studies.

2.1. Three-dimensional multispecies nonlinear
perturbative simulation studies of the
twa-stream instability

A three-dimensional nonlineur perturbative (8f') particle sim-
ulition scheme has been developed for studying the stability
and transport properties ol intense charzed particle beams
(Qin eral., 2000, 2001). Asa numerical method to solve the
nonlinear Viasov-Maxwel] eqttations, the scheme splits the
distribution function into equilibrium and perturbed parts,
The perturbed distribution function is represented as a
weighted summation over discrete particles, where the par-
ticle orbits are advanced by equations of motion in the fo-
cusing field and self-consistent fields. and the particle
weights w; are advanced by the coupling between the per-
turbed fields and the zero-order distribution I"unctionfj”. The
nonlinear §f scheme exhibits minimal noise and dccuracy
problems in comparison with standard particle-in-cell sim-
ulations. This simulation scheme is implemented in the newly
developed Beam Equilibrium Stability and Transport (BEST)
code (Qin er al., 2000, 2001). This code provides an effec-
tive numerical tool to investigate collective instabilities,
periodically focused beam propagation in alternating-
gradient focusing fields, halo formation, and other impor-
tant nonlinear processes in intense beam propagation. In the
absence of background electrons, the BEST code has been
used to demonstrate quiescent (stable) beam propagation
over thousands of equivalent lattice periods (Davidson &
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Qin, 2001). In the presence of background electrons, hoy,
ever, a strong two-stream instability is observed (Qin g al,
2000, 2001), leading to a dipole (m = I } transverse displace.
ment of the beam ions and background electrons, which hag
been benchmarked against measurements of the electrpp.:
proton (e-p) two-stream instability in the Proton Storage
Ring (PSR) experiment. The BEST cade provides an impor-
tant tool in the theoretical studies. For example, the nonljg.
ear §f-simulation scheme has also been applied to the case pf
a periodic-focusing solenoidul feld configuration, and qui-
escent, matched-beam propagation of a thermal equilibriumy
bearn has been demonstrated at high beam intensities over
hundreds of lattice periods (Stoltz er al., | 999), and detaileg
properties of the two-stream instability have been deter-
mined as a function of beam intensity and axial momentum
spread (Davidson & Qin, 2000; Qin er al., 2000, 2001).

2.2. Collective instability driven by large
temperature anisotropy (7., > T,,)

While considerable progress has been made in analytical
investigations based on the Vlasov—Maxwell equations, such
kinetic analyses are often complex, even under idealized
assumpltions. [t is therefore important to developand test the
robustness of theoretical models to deseribe propagation of
space-charge-dominated (low-emittance) beams in periodic-
focusing transport systems, and to describe collective sta-
bility properties of high-intensity beums. In beams with
strongly anisotropic distributions {70/ T, << 1), it is well
known that 1 Harris-like collective instubility { Harris, 1959)
may develop (Friedman er al., 1990, 1992: Startsev et al.,
2002) if there is sufficient coupling between the transverse
and longitudinal degrees of freedom. Such anisolropies de-
velop naturally in aceelerators and may lead to a deteriora-
tion of beam quality. Both kinetic and fluid descriptions
predict instability. The three-dimensional nonlinear pertur-
bative particle simulation code BEST hus been used {Start-
sev et al., 2002) to study the stability properties of intense
nonneulral charged particle beams with strong temperature
anisotropy. The most unstable modes have been jdentified
and their eigenfrequencies and radial mode structure have
been determined for axisymmetric perturbations (Startsev
er al., 2002). Simulation results show that moderately in-
tense beams with s, = Wi /2y wg, = 0.5 are linearly un-
stable to short-wavelength perturbations with gz,
provided the ratio of longitudinal to transverse temperatures
is smaller than some threshold value, Tn the nonlinear satu-
ration stage, the total distribution function is sl far from
equipartitioned, and free energy is available to drive an
instability of the hydrodynamic type. In future simulations,
we will carry out a systematic analysis of this instability
using the three-dimensional nonlinear Sf simulation code
BEST to determine the instability’s dependence on beam
intensity, its nonlinear saturation properties, and the effects
of the instability on bearm emittance,




2.3, self-consistent model of jon beam charge and
current neutralization by background plasma

The propagation of a high-current finite-length ion charge
- punch through a background plasma is of interest for many
: pplications {Chen, 1987; Hahn & Lee, 1996; Rose et al.,
- 1999; Ottinger et al., 2000; Kapganovich ez al,,2001), includ-
 ing heavy ion fusion. Models for charge and current neutrai-
jzation have been studied both analytically and numerically
dur:. ¢ ion beam entry, propagation, and exit from the plasma,
A suite of codes has been developed for calculating the
degree of charge and current neutralization of the ion beam
pulse by the background plusma {(Kaganovich er af., 2001).
The code suite consists of two different codes: a fully elec-
tromagnetic, relativistic particle-in-cel] (PIC) code, and a
relativistic Darwin model for long charge bunches. As a
result of a number of simplifications, the second code is
hurvireds of times faster than the first one and can be used
for :wost cases of practical interest, while the first code
provides important benchmarking for the second. The una-
Iytical theory has been derived using the assumnption of long
charge bunches and conservation of generalized vorticity.
The analytical results agree well with the results of numer-
ical simulations for ion beam charge and current nentraljza-
tion (Kaganovich et al., 2001). The numerical simulations
also show complex phenomeng, including collective wave
excitations, during beam entry into the plasma. We will
cor. ‘nue these analytical and simulation studies with partic-
ular emphasis on developing improved theareticil models
- with predictive capability for determining the degree of
charge and current neutralization over n wide range of sys-
fem parameters, including transient beam-pulse conditions.
These studies will include detailed comparison with LSP
simulations and other simulation codes, as well as availuble
experimental results,

2.4. Simulation studies of final pulse compression

Strong final pulse compression will be a key element of the
Integrated Beam Experiments {IBX). A Ph.D. thesis explor-
ing this area was recently completed. As part of this work,
the HERMES model (de Hoon, 2001; M.J.L. de Hoon, E.P.
Lee, 1. Barnard, & A. Friedman, submitted) was developed
within the WARP code framework (Friedman er al., 1992;
G :eral, 2001). This model solves the transverse gnve-
lope equations for a set of beam “slices” which are mutually
coupled via a longitudinal Lagrangian fluid model. The lon-
gitudinal field is obtained either by WARP’s (r,z) field
solver, or by a Bessel function expansion. Several drift com-
Pression systems were designed within the constraints of the
Preservation of a “matched” beam and effective velocity
“tilt” removal by space charge at the end of compression,
based on a given desired pulse shape at the end of drift
COr: “ression. The occurrence of mismatches due to a rap-
idly increasing current was analyzed. In addition, the sensi-
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tivity of drift compression to errors in the inijtial velocity tilt
and current profile was studied,

3. STUDIES SUPPORTING DRIVER-RELATED
EXPERIMENTS

3.1, High Current Experiment (HCX)

Extensive three- and two-dimensional WARP PIC simula-
tions of the injector and matching section of the HCX {Seidl
et al., 2002} have been carried out to understand the phase
space structure of the beam emerging from the injector and
to guide improvements. Simulations and theory have also
been employed to explore the consequences of collective
modes [aunched by phase space distortions of an imperfect
injector. [t was determined that the relaxation of such modes
should not result in unacceptably high emiuance growth
(S.M. Lund, JJ. Barnard, E.P, Lee, & R.C. Davidson, sub-
mitted). Matching and envelope analyses have been carried
out in suppart of lattice retrofits and error analyses, and
simulation data have been employed to support the choice in
aperture of the electrostatic quadrupoles now in production.
Continuing two- and three-dimensional simulations are he-
ing carried out to support the near-term experimental pro-
gram by determining the expected beam properties, aiding
in machine tuning and diagnostic interpretation, suggesting
additional diagnostics and measurement tocations, and suid-
ing continued improvements in the injector and matching
section {S.M. Lund, J.J. Barnard, E.P, Lee, & R.C. Davidson,
submitted),

Studies have been carried out for the HCX lattice
extended with 20-30 additional electric and /or magnetic
quadrupoles. Syncopated FODO lattices were developed
consistent with magnet technology in development and the
futl range of experimental needs. It was found that 2 small
amount of syncopation led to negligible degradation in cur-
rent transport and allowed axial space in the low energy
beam lattice for cryostat terminations, diagnostics, and so
forth. A large series of detailed WARP simulations were
carried out (S.M. Lund, IJ. Barnard, E.P. Lee, & R.C. David-
son, submitted) to parametrically explore the influence of
nonlinear mugnetic field errors, image charges, beam mis-
match induced by random and systematic errors in quadru-
pole excitation, halo, beam control and steering, skew
couplings from rotational misalignments, and the effects of
coitective modes launched from systematic and random phase
space distortions. These studies are being used to estabiish
design tolerances and other adjustments to prevent particle
loss.

Simulation results predict that the dynamic aperture in
the electrostatic focusing transport section will be set by
particle loss (C.M. Celata et al., submitted). These studies
use both idealized initial distribution functions (semi-
Gaussian) and initial distribution functions calculated from
first principles as transported from the source {including a




380

three-dimensional WARP PIC caleulation in the injectar).
Most recently, we have begun carrying out studies wherein
the simulated beam was initialized part way through the
expeciment, using u transverse four-dimensional beam par-
ticle distribution f (c, y, p.., p,) synthesized from experimen-
tal slit-scan measurements. This procedure has been explored
using a simulated beam from WARP, whereby the true trans-
verse four-dimensional distribution is known, as well as
using preliminary experimental data. This work is helping to
establish requirements for the experimental diagnostics: in
particular, it has made clear the value of a crossed-slit spa-
tial density scan, in addition to the more common purallel-
slit emittance scans (A. Friedman et of., submitied; A,
Friedman, D.P. Grote, C.M. Celata, & JLW. Staples,
submitted).

Here we present an example of an “integrated” calcula-
tion. This type of calculation will be important for studies or
employed for exploration and planning of future experi-
ments, such as an IBX or [RE. The calculation begins by
using WARP in its three-dimensional time-dependent mode
on 14 64 X 64 X 640 grid, computing space-charge limited
emission from the source as the triode voltages ramp up.
This first “run” includes all of the electrostatic quadrupole
(ESQ) injector structure, us shown in Figure la, a frame
from a movie of this calculation. The beum head is “mis-
matched” transversely ( leading to less than 0.1% particle
loss) because its energy differs from the nominal, a result of
the overly slow 800-ns full-rise time of the gate voltage. A

Fig. 1. Depictions of {a) the benm head passing through the HCX
injector, and (b) the beam in the HCX mutching section and entrance to the
transport line.

R.C. Davidson et g},

400-ns full-rise time leads to no loss {the actual rise time iy
the experiment is slightly less than 800 ns). Then, because of
the desirability of efficiency and high grid resolution (512 %
512} in the much thinner downstream beam line, the particle
data at the exit plane of the ESQ is saved over the flat-top of
the pulse, and used to initiate s WARPxy “slice” calculation
{in a steady-flow approximation with a four-dimensiona]
transverse phase space} of the midpulse behavior through
the matching section and 10 electrostatic quadrupole lensey
of the HCX transport line. A view of this later stage of the
calculation is shown in Figure Lb.

Ongoing research is exploring the consequences of lost
particles in both electric and magnetic focusing channels, in
regimes relevant to both near-term ex periments on HCX and
to fusion drivers. Studies of the sources and sinks of stray
electrons in o heavy ion accelerator, their dynamical life-
times in the presence of the beams' space-charge field as
well as the applied magneric focusing and induction accel-
eration fields, and the consequences of their presence at
various levels, are receiving increased emphasjs. Collabo-
rations on related loss issues in accelerators for other
applications have been established. These studies are using
analysis, as well as PIC simulations (AW, Molvik et al.,
submitted),

3.2, Injector experiments

Accurate simulation of injector systems remains a challeng-
ing area, because of the need to avoid introducing any
numerical artifacts into the beam distribution. Here two
approaches are being pursued. One approach invelves a
large-diameter hot-plate source followed by an ESQ focus-
ing and accelerating column, as currently employed in the
HCX experiments. Extensive simulations of this system are
being carried out using the WARP particle-in-cell code, as
described above. Studies of the source region in detail ars
also underway (1. Huaber er af., submitted). Another ap-
proach involves the merging of a large number (~100) of
micra-beamlers, each with high current density, offering the
promise of a compact system (Kwan et af,, 2002), However,
the approach ulso poses physics and engineering challenges,
as well us the computational challenge of a wide range of
scales (Grote et al., submitted). We are simulating all as-
pects of this approach. This work inciudes studies of the
propagation of the beamlets from their individual sources
through their individual aperture columns (as single beam-
lets, to check for aberrations: and as 4 coupled array of
beamlets, to check for interbeam forces and deflections,
which appear to be very small). It also includes studies of
the merging process, beginning at the point where the beam-
lets begin to “see” each other. Here we present an example
of a merging calculation. In this run {part of a parameter
study), 91 semi-Gaussian beamlets (each 0.006 A, 0.003
sr-mimn-mr) exit their aperture columns at 1.2 MeV and are
accelerated across o gup to 1.6 MeV, where they enter 2
common transport line. The two-dimensional WARP simu-
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Fig. 2. Asequence of “snapshots” of the merging beamlets, as camputed
using @ high-resolution WARPxy simulation. :

lation shown here employed 29 M particles, 1024 X 1024
gr' .. 4000 steps, using 18.2 h on 64 IBM SP processors.
Figure 2 shows selecied frames from a computer-generated
movie. The resulting beam has comparable emittance to that
observed in simulstions of the ESQ injector lor HCX, but
differs qualitatively in that the phase space has been “dilut-
ed” by the entrainment of empty volume, rather than “dis-
torted” through focusing uberrations.

4, STUDIES OF BEAM PROPAGATION
iN FUSION-CHAMBER PLASMAS

Ion beams must be transported and focused over several
meters through the fusion chamber to the target (Bungerter,
1998). This “standoft™ distance prevents damage to the final
focus section of the accelerator from the target explasion
(Olson, 1982). Bullistic transport uses a final focusing lens
just outside the chamber and a supply of electrons to provide
neutralization (neutralized ballistic transport; Logan & Cal-
Taan, 1998); the detailed physics of the neutralization pro-
cess is one of the key wreas to be addressed by the NTX
experiments (C.L. Qlsan ¢t al., submitted; D.R. Welch eral.,
pers. comm.}, along with the optics of final focusing (E.
Henestroza er al., submitted). Pinched transport uses a final
lens to focus each beam to a smali radius at the entrance to
the chamber, and then the beam propagates at smali radius to
the target (Olson, 2001). All pinch modes depend on an
azimuthal magnetic field (By) to confine the beams. Assisted-
pi hed transport uses o preformed 30-kA channel, created
in 1 gas (1-10 Torr) by a laser and 1 discharge electrical
circuit, to create a frozen magnetic field before the heavy
ion beam is injected (Olson & Leeper, 1982; Ozaki er al.,
1985; Yu et al., 1998). Self-pinched transport uses the ian
beam itself to break down a low-pressure gas (1-100 mTorr;
Welch & Olson, 1996; Ottinger er al., 199%; Rose er al.,
1999), and the net self-magnetic field affords confinement.
These transport schemes impact the designs of both the
ac - zlerator and the fusion target.

mimulation of these transport modes involves plasma den-
sities that range from very weak to >10'® cm™3, Neutraliz-

ing plasma is either created externally before the ion beam
arrives, or is created by means of beam impact ionization and
photoionization from the heated target. While standard PIC
codes are adequate for weak plasma conditions, a hybrid code
that is capable of accurately modeling the dense plasmu is
necessary for electron densities above approximately
10" cm ™3, Above this density with a kiloelectron volt tem-
perature, the Debye length becomes prohibitively small, ne-
cessitating cell sizes below 10 pem and time steps below 10 ps.
Given a simulation distance of 3—6 m, standard PIC simula-
tions are problematic. Thus, use is made of the hybrid sim-
ulation codes LSP (Welch et al., 2001; Hughes et af., 1999)
and IPROP (Welch et al., 1994) that include detailed mod-
eling of the gas breakdown from near vacuum to 3-Torr am-
bient gas pressure. LSP is used in the weakly collisional
regimes of neutralized-ballistic transport (Rose et al.,
2001)and self-pinched transport { Welch & Olson, 1996; Rose
et al., 1999), whereas IPROP is used for the more collisional
assisted-pinched transport regime (Welch et ef., 2002).

A hybrid algorithm has been developed and implemented
in the three-dimensional parallel PIC code LSP. An energy-
conserving (Birdsall & Langdan, 1991) implicit algorithm
including particle collisions and gas breakdown madels has
been added with both electrostitic and electromagnetic field
solvers. This treatment relaxes the usual limitations on time
step and cell sizes associated with the cyclotron and plasma
frequencies and the Debye length. A recent improvement in
the code involves an implementation of a cloud-in-cell (C1C)
treatment (Birdsafl & Fuss, 1997}, The treatment greatly
reduces particle noise inherent in an energy-conserving al-
gorithm. The LSP cade also has algorithms to model charged
particle and neutral particle collisions. To avoid problems
associated with numerical cooling of highly implicit Kinetic
electrons, we include an implicit PIC fluid model for the
electrans, The equation of motion fora fluid electron parcel
is identical to that of a kinetic particle, except for scatiering
terms. A pressure-gridient force term, to maode] electron—
electron collisions, and a frictional force between the elec-
tron and other species replace elustic scattering events for
Kinetic particles.

LSP hus been used recently to make “realistic™ simula-
tions of driveriike “fool™ and main pulses in a target cham-
ber. In these calculations, the beam enters the chamber
through a conical 3-m beam port with layers of hydrogen
plasma near each end to preneutralize the beam. then drifts
3 more meters through low-density BeFa to a 5-mm radius
target. Beam parameters are close to values used in ongoing
optimization stucies, so main pulses initially have 2.8 kA of
2.5 GeV Xe*! ions, and foot pulses have 947 A of 1.9 GeV
ions. These runs aliow Child-Langmuir electron emission
from conducting walls, and several also include time-
dependent photostripping of the beam and photoionization
of the background gas by X rays from the heated target
(Sharp er af., 2001). Although these photoionization pro-
cesses have major effects on the beam charge state and on
the density of free electrons near the target, their overall
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effect in the cases examined to date js 4 modest reduction in
the beam spot size {W.M. Sharp et al., submitted). Resuits
from a typical main-pulse simulation are shown in Figure 3.
Here, the beam density and electron densities from several
sources are shown after 80 ns of transport. At this time,
electrons from the plasma layers and from the beam-pipe
walls provide the largest share of beam neutralization, al-
though neutralization by photoionization electrons becomes
dominant as the beam reaches the target. An important find-
ing of this and similar simulations is that the beam waist for
either type of pulse is close to values required by current
distributed-radiator targets (Cal lahan-Miller & Tabak, 1999),

The IPROP code is presently being used ro study, in two
and three dimensions, the effects of beam self-fields and gas
interaction in assisted-pinched transport. Such runs are par-
ticularly challenging because the fon beams are combined in
two, euach with megi-ampere electrical currents, and are
highly stripped (Z > 60). The IPROP simulations are Fully
electromagnetic and make use of tensor conductivity model,
Fields and currents are decomposed in an arbitrary number
of Fourier modes in the azimuthal direction. This decompo-
sition allows for efficient simulation of three-dimensional
resistive instabilities, such as the hose and filamentation
instabilities, with only two mades. Thus, the simulation speed
is close to that of 1 two-dimensiona| simulation. The IPROP
code treats the beam iong kinetically; however, the plasma is
described with a two-fluid model, The plasma electron cur-
rent density is determined from an Ohm's law that includes
pressure and friction, as wel) g electromagnetic terms. The
electron conductivity, o = e fmep,, where i, is the elec-
tron density und »,, is the momentum transfer frequency is
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Fig. 3. The logarithm of the density of the (1) Xe* ians, (b} photo-
tonization electrons, {c) plasma electrons, {d) wall emisston electrons, and
(e) impact jionization electrons, all at 80 ns into the LSP chamber transport
simulation,

R.C. Davidson ¢} al,

calculated from Spitzer collisions. Electron densities are
advanced using the continuity equation, taking into accoupt
beam ionization that is so intense that multiple stripping by
the beam must be modeled, :

Recent IPROP simulations ( Welch et af., 2002), wherein
the beam is guided by the magnetic fields from a 50-kA
discharge channel, have suggested that up to 90% of the
beam energy reaches the target. A significant increase in the
net.current above the 50-kA leve) degrades transport due g
inductive losses and halo formation. The calculations show
that the beam heats the gas sufficiently quickly to yield 5
high conductivity that resists the growth in self-magnetic
fields to tolerable levels. Furthermore, three-dimensiong]
simulations predict that the resistive hose instability will ngt
disrupt the beam propagation.

5. FUTURE EXPERIMENTS AND SIMULATION
CAPABILITIES

We have begun developing the coneept for the next major
step in the development of a heavy ion fusion driver, the
so-called Integrated Beam Experiment (IBX: L], Barnard
et al., submitted). The purpose of IBX is to explore in an
integrated manner the processes and manipulations neces-
sary for a heavy ion fusion induction accelerator. The exper-
iments will demonstrate injection, acceleralion, compression,
bending, and final focus of a heavy ion beam at significant
fine charge density. A primary scientific goal will be explo-
ration of the longitudinal physics issues associated with
compression of the bunch length by a factor of 10 or more,
while maintaining high beam quality (both trunsverse and
longitudinal) and envelope and centroid control. Two pre-
liminary conceptual designs (with flexible experimental op-
tions), a short puise version {having a 250-ns initjal pulse)
and a longer pulse version (with a 2-ps initinl pulse), have
been outlined. The short-pulse design requires significantly
smaller induction cores and a shorter drift compression
length, with a resultant cost savings. The injector for the
short-pulse design, however, requires further research to
ensure that transients do not dominate the current pulse. The
longer pulse design requires no extrapolation from present
technology.

We developed an improved analytic madel for the beam
Spot size on the fusion target based on a nonlinesr moment
model. incorporating improvements in our understunding of
chromatic effects, and allowing for the possibility of eilip-
tical spots, We also recently adapted a model which includes
emittance growth in the chamber (Lee e af., 1981) and
self-pinching in the chamber (Hahn & Lee, 1996; Kagano-
vich er al., 2001: Oliver ¢t al., 2001), and which capturss
some of the understanding gleaned from particle simula-
tions and analysis of chumber propagation (W.M. Sharp
et al., submitted; D.R. Welch et al., submitted). These mod-
els have been incorporated into the systems code IBEAM,
thereby improving the agreement between systems medels
and particle simulations.
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Advanced code development is in progress in a number of
areas. One key project is centering on the use of adaptive
mesh refinement {AMR) in WARP, 50 that the mesh resolu-
tion is concentrated in those spatial regions where fine de-
tai.- of the field must be resolved. A prototype axisymimetric
madel using AMR is already available in WARP, and 2
full three-dimensional capability, involving the merging of
WARP with the existing CHOMBO package {itself being
medified to accommodate particle simulation needs), is un-
der development (L. Vay et af., pers. comm.).

Other directions to be pursued for advanced algorithmy
include the generalization to alternating-gradient focusing
of Vlasov methods which follow the evolution of the beam’s
pF se-space density on a multidimensional arid (Sonnen-
drucker et al., 2001), development of true multibeam cipu-
bilities in both WARPand LSE. and implementation af novel
magneto-inductive (Darwin) models for beam simulation
into the full suite of HIF codes.

A key programmatic zoal is the development of an inte-
grated and detailed “source-to-turset” HIF beam simulation
Capability. Testing and validating this integrated modeling
Capubility will be a main objective of the [BX. In our pro-
Pe=d scenario for integrated modeling (Fig. 4). the beam is
Siniulated from the source through the final focusing optics
using WARP3d, and the particle and field data are then
transferred into LSP where the simulation is carried through
the chamber plasma environment to the fusion turget. At that
point, the particle data is used to generate “ray” information
for the ion beam source in the radiation-hydrodynamics
target design code. To ensure fidelity, coupling of this con-
sistent sequence of simulations with other, more detailed
€a" ulations of instabilities and other processes (analogous
o those described herein, using BEST} will be important.
Similarly, to understand beam halos quantitatively, the

Track beam ions consistently along entire system
Study instabiiities, halo, electrons, ..., via coupled detailed models

Fig. 4. A depiction of the strategy being pursued for consistent, detailed end-to-end beam simulation.

orbit-foilowing capabilities of BEST, WARP with an extra-
large number of particles, and/or extensions of the semi-
Lagrangian Viasov solver SLV may be employed in
calculations over limited sections of the machine.

ACKNOWLEDGMENTS

This work was performed under the auspices of the U.S. De-
partment of Energy by the University of Californis, Luwrence
Livermore and Lawrence Berkeley National Laboratories under
Contract Nos. W-7405-Eng-48 and DE-AC03-765F00098, und by
the Princeton Plasma Physics Laborstory under Cuntract No.
DE-ACO2-76CHO3(73.

REFERENCES

BANGERTER, R.O. (1998). Nucl Instr. Meth. Phys. Res. A 415, 3,

BirnsaLL, C.K. & Lancoown, A.B. (1991}, Plasna Physics Via
Computer Simulorion. Bristol, Philadelphia, and New York:
Adam Hilger,

BinnsaLL, C.K. & Fuss, D. (1997}. /. Comp. Phys. 135. 141, -

CaLLAHAN-MILLER, DA, & TaBag, M. (1999), Nuel. Fusion 39,
883.

CHen, P. (1987). Particle Accel, 20, 171,

Davinson, R.C. (1998). Phys. Rew. Lert. 81,991,

Davinson, R.C., QiN, H.. StoLvz, P & Wanc., T-S. (1999),
Phys. Rev. Special Topics on Aceelerators and Beams 2.054401.

Davipson, R.C. & Qun, H. (2000). Plivs. Lett, A 270, 170,

Davipson, R.C. & Qu, H, (2001). Physics af Intense Charged
Partiele Beaus in High Energy Accelerarors. Singapore: World
Scientific,

Davinson, R.C. & Qin, H. (2002), Pirvs. Rev, Special Topicy on
Aceelerators and Beams 4, 104401,

Davipson, R.C., Quv, H., LEE, W.W. & SrTartsev. E. (2002
Phys. Plusmas 9, 340,



384

DE Hoon, ML (2001). Drift Cumpression und Final Focus
Systems for Heavy lon Inertial Fusion. Ph.D. thesis, University
of Caiifornia, Berkeley.

FrIEDMAN, A., BANGERTER, R.O., CaLLaHAN, D.A., GroTE,
D.P., Lancnon, A.B. & HaBeR, L (1990}, Proc. 2nd Eurapean
Part. Accel, Conf., pp. 16991701, Editions Frontieres,

Friepman, A, GroTe, D.P. & Haner, 1. {1992}, Phys. Fluids B 4,
2203,

Grare, D.P, Frieomaw, A., Cratg, G.D., Hangr, [ & SHaRp,
WM. (2001). Nuel, Instr. Meth. Phys. Res. A 464, 563.

Haun, K. & Leg, EP (1996). J. Fuvion Eng. Dexign 32, 417.

Harmis, E.G. {1959). Phys. Rev, Len. 2, 34,

Hoemann, L (Ed.). Proceedings of the 13th Internationat Sympo-
st on Heavy fon Inertial Fusion, Nuclear Instriments and
Methody in Physies Research (200 I). 464A,

Hudnes, T.P, Yu, 8.5, & CLark, R.E. (1999). Phys. Rev, Special
Topics on Accelerators and Beany 2,110401,

KagaNovien, 1., Suvers, G., STAlTSEY, E, & Davinson, R.C.
(2001}, Phvs. Plaxmay 8, 4180, .

Kwaw, LW., Bienioseg, FM., HenestRozZA, E., Prost, L. &
SeinL, POo(2002). A 18 MeV K* injector for the high
current heam transport experiment. Laser Peart, Beas 20,
A4 | i3,

LEE, EP, YU, 8.5, & BARLETTA, WA, (1981). Nuel, Fusion 21,
961.

Locan, B.G. & CALLAHAN, DA, (1998). Nucl, Instr Meth, Phys,
Rey. A 413, 468,

Oviver, BV., Genvont, T, Rose, DY, & Weren, D.R, (2001),
Laminar equitibria of ion-beam neutralizing electrons in
viteuum and plasma, presentation at Self-Pinch Warkshop for
Final Transport of Heavy lon Beams, Danville, CA.

OuseN, LN. & Leerr, R (1982). /. Appd. Phys, 53, 33097,

Ovson, C.L. (1982). 4. Fuxion Energy 1,309,

Ovsan, C.L. (2000). Nuel, Instr Meth, Plys. Res. A 464, 118,

QrrincER, PF, Rose, DV, & Ouiver, BY. (1999), Plys. Plusmus
6.3717.

OzagL, T, MIvAMOTA, 5., IMASAKL K. Nakan, 5, & Ya-
MANARA, CAV9NS). L Appl. Phvs. 58,2145,

OrriNGer, PE, Youna, FC.. STEPHANARIS, 5.1, Rore, DV,
NERIL LML, WiBER, BV., Mievers, M.C.. HinsezLwoon, D.D,,
Mosugr. D., Ouson, C.L, & WeLen, D.R. (2000). Plvs.,
Plasmas 7, 346,

R.C. Davidson et qf 2

QiN, H., DaviDson, R.C., Lee, W.W. & Starrsev, E. {2001), ;

Proceedings of the 2001 Particle Accelerator Conference 7

pp. 696701,

Q. H., Davipson, R.C. & Leg, W.W. (2000). Piys. Rev. Speciq) 48

Topics on Accelerarors and Beams 3, 084401 109901,

Qin, H. & Davipsow, R.C. (2002), Phys. Rev. Special Topics gy -

Accelerarors and Beams 3, 034401,

Rosk, DV, Or1ivaer, PE, WeLcH, D.R., Ouiver, BY. & Or-
SON, 8.L. (1999). Phvs. Playmas 6, 4094,

Rose, DV., WeLcH, D.R., Ouiver, BY., CLARK, R.E., CrLang,
W.M. & FrIEDMAN, A. (2001), Nucl. Instr. Meth, Phys. Res, A
464, 295,

Stent, PA., Baca, D., Bienmosik, FM., FaLTENs, A, Lunp,
5.M., MoLvik, A.W.. ProsT, L.R, & WaLbnon, W.L. (2002),
The high current experiment: First results. Laser Part. Beaing
20, 435-4440.

Snare, WM., CALLAHAN-MILLER, D.A., LaNGnoN, A.B.. ARMEL,
M.S. & Vav, L-L. (2001). Nucl fostr. Meth, Piys. Res. 464,
kLIS

SONNENDRUCKER, E., BARNARD, L1, FRIEDMAN, A, Grote, DR
& Lunn, S.M. (2001). Nuel. Inst, Meth, Phys. Res, A 464,
633,

STantsev, EA., Davinson, R.C. & Qin, H. (2002). Phys. Plas-
mas 9, 3138,

Stourz, PH., Davioson, R.C. & Leg, W.W. (1999), Phvs. Plag-
mus 6, 208,

Tzenov, 8.T. & Davinson, R.C. {2002). Phys. Rev, Special Top-
fex on Accelerators and Beams 3, 021001,

Unm, H.S., Davipson, R.C. & Kavanovicu, [, (2000), Pltys,
Plusnuis 8, 4637,

WiLeH, D.R. & Ouson. C.L. (1996). J. Fusion Eng. Design
32-33,477.

WiLcH, D.R., Ouson. C.L. & Sanrorn, TW.L. (1994). Phys.
Plesmas 1, 764,

Wercn, D.R., Rosg, DV, Oniver, BV, & Cranrx, R.E. (2001).
Nucl, Insir. Meth, Pligs. Res. A 464, 134,

WeLeH, D.R., Rosk, DV.. Ouiver, BY.. Gunon, T.C., CLARK,
R.E. Ouson, CL. & Yu, S.8. (2002, Phyvs. Plusimas, 2344,

Yu, 5. Evion. S, Henestroza, B, Larever, R.. LEEMANS, W.,

PerzoLnr, R., Ponce, D. VELLA, M., M, R.W., Suare,

WML, Perersun, R., Sawan, M. & Tauscuwirz, A, (1998).

Nucl tnsir. Meth. Pliys, Res. A 415, 174,

"




